There is the study outcome of the stress-strain state of single-layer and double-layer reinforced concrete elements with simple bending in the article. The data obtained in numerical experiments on finite element schemes perfectly matches the field tests results.
INTRODUCTION
Today, the construction industry development is characterized by an increase in number of storeys in the building and structures, an increase in the length of escape routes, and the use of long-span thin-walled reinforced concrete and reinforced concrete structures, which requires effective fire safety and fire resistance measures for building structures.
The most effective measure that increases steel and reinforced concrete structures fire resistance is the protection of structures with thermal insulation materials.
For building structures' fireproof, heat-insulating materials are used in the form of cladding of slab, sheet, piece products, as well as plasters.
The application of this fireproofing method for thin-walled steel and reinforced concrete structures can be effective while performing heat-shielding and acoustic functions.
Fire resistant plasters based on expanded vermiculite 15-20 mm thick and weighing 9-12 kg per 1 m^2 do not lead to significant elements weighting, having a mass of about 60-70 kg per 1 m^2, and at the same time provide a sufficient fire resistance.
Vermiculite has such properties as a high sound absorption coefficient, a pleasant color (golden or silver) fire retardant coating along with the main functionfire protection. Therefore, it can significantly improve the acoustic and decorative characteristics of reinforced concrete constructions. This is very important for hall rooms where doubly curved shell implementation is limited due to insufficiently high acoustic characteristics. In addition, concrete-vermiculite solutions have good thermal insulation properties [1] [2] [3] .
In studies [4] [5] , in order to increase the reinforced concrete structures' fireproofing limit, a method for manufacturing double-layer reinforced concrete elements with a fire-retardant layer of vermiculite concrete in a single technological process was proposed. This allows ensuring reliable operation of the constructive and flame retardant layers both at normal temperatures and when exposed to high temperatures during a fire. The purpose of the study is to examine the stress-strain state of single-layer and double-layer reinforced concrete elements with simple bending.
II. METHODS AND MATERIALS
For the reinforced concrete layer, sand with a fineness modulus of 2.37 was used, with a maximum grain size of 5.0 mm. Fine-grained concrete mixture was used in the composition C : S = 1: 2.5 with a W / C = 0.4 (Rcompress. = 55 MPa, Rbend = 6.5 MPa).
For the samples reinforcement, a woven mesh No. 8 with a diameter of 0.7 mm was used in accordance with GOST 3826-82.
For vermiculite concrete layer, expanded vermiculite from the Kovdor field with a maximum grain size of 5.0 mm was used, composition C: vermiculite = 1: 3 (by volume), W / C = 1.25 (ρ = 640 kg / m^3, Rcompress. = 2.3 MPa, Rbend = 1.3 MPa).
Portland cement of the grade PC 500-DO from the Volkhov plant (table 1) was used as a binder for vermiculite concrete. When choosing a binder for vermiculite concrete, it was assumed that the vermiculite concrete mixture and the finegrained concrete mix of the concrete layer will be subjected to the same technological redistribution in the double-layer reinforced concrete structures manufacture process. High-grade Portland cement use will provide vermiculite concrete with an improved form-flattening strength, which is very important for concrete with a lower average density and low strength.
Chemical compositions of materials used in research for vermiculite concrete and fine-grained cement-reinforced structures' concrete are given in Table. 2, granulometricvermiculite and sandin tTable. 3.
The manufacture of boards with a size of 2000 × 500 mm was produced in a laboratory installation by the method of vibroforming. The shaping of the vermiculite concrete layer was accomplished from below or above the reinforced concrete layer. The mixing zone between the layers was 2-3 mm. Samples with dimensions of 400 × 100 mm for tests on simple bending were cut from the board.
To assess the double-layer cement-reinforcing elements' stress-strain state, as well as to analyze the joint fireproofing and structural concrete layers, 4 series of samples ( Fig. 1 ) 100 × 400 mm in size, differing in manufacturing method, thickness of vermiculite concrete layer, and steel woven meshes number and location, were tested for bending. The bending test also evaluated the effect of the vermiculite concrete layer on the strength, stiffness and crack resistance of bent elements. The loading of samples was of a short-term nature and was carried out through a special device with unit loads. To monitor the deformations, displacements and the process of cracking tensiometers (LC) with a base of 50 mm; displacement indicating gage (DI); BCH-2 microscope with a 24-fold increase and measuring sensitivity of 0.05 mm. were used.
Samples at the age of one month were tested for bending. The test was carried out according to the scheme of simple bending in a flat position with the location of the vermiculite concrete layer in the stretched zone, the span between opars was 300 mm (Fig. 2 ). Three samples were tested in each series. 
III. RESULTS
During the samples testing using a microscope, it was not possible to detect cracks in single-layer reinforced concrete samples, however, tensiometers recorded relative deformations of 35 · 10 -5 at the time preceding failure.
When testing double-layer samples, the first cracks in the vermiculite concrete layer with an opening width of 0.01-0.02 mm were found with bending moments of 5-6 kN · cm, which is not incommensurate with the destructive ones for single-layer samples. The maximum crack opening width at the moment preceding the destruction was 0.03-0.05 mm. The number of cracks ranged from 4 to 7. Some cracks spread along the height of the vermiculite concrete layer to 10-15 mm by the time preceding the destruction. No cracks were found in the effective reinforced concrete layer area in the double-layer samples.
At loads (M = 5-6 kN · cm), corresponding to destructive for single-layer samples, the deformations measured in doublelayer samples in the transition zone of the cement-reinforced layer to vermiculite concrete were 10-15 · 10-5. This indicates that the vermiculite concrete layer significantly increases the single-layer cement-reinforced samples stiffness. At the preceding the destruction moment, the bending moment was 9.5 kN · cm for double-layer samples of the second and fourth series, respectively.
Higher unit strain of second series' samples compared with samples of the fourth series are explained by an additional woven mesh in the vermiculite concrete layer, which is used for technological purposes.
Up to a bending moment of 650-700 kgf · cm, the relative deformations measured in double-layer reinforced concrete samples in the cement-layer transition zone to the vermiculiteconcrete layer are 1.5-3.5 times less than the deformations of effective concrete single-layer samples area.
A further increase in the load leads to a rapid increase in the unit strain of effective concrete double-layer samples area towards the single-layer samples. This is explained by the fact that when the values of the bending moment are more than 650 kgf • cm, the vermiculite concrete layer begins to be turned off from the operation of double layer samples.
The study of the nature of the cracks transition from the reinforced concrete layer to the vermiculite concrete and vice versa is interesting, since vermiculite concrete has a relatively low modulus of elasticity E = 3.5-5.010 3 MPa. Moreover, a fine-mesh woven mesh in a vermiculite concrete layer at the boundary of the layers means certain changes in the process of cracking.
It should be noted that during the double-layer reinforced concrete samples testing, no adhesion failure of the layers, detachments of the vermiculite concrete layer from the reinforced concrete layer was detected.
Thus, until the formation of cracks with an opening width of 0.05-0.1 mm in single-layer cement-reinforcing samples, an additional fireproofing layer significantly increases their crack resistance.
The results of testing all four series samples are shown in Fig. 3 . The nonlinear nature of the diagrams of the bending moment dependence on the effective area unit strain emphasizes that the plastic properties of materials, as well as the elastic properties of concrete and reinforcing mesh, should be taken into account in the double-layer element operating. Also, the graphs' nonlinear nature indicates a gradual development of cracks, and consequently, the stretched concrete layers with cracks are gradually removed from operating, which leads to a gradual decrease in the stiffness of the sample cross section [6] [7] [8] . To analyze the stress-strain state of single-layer and doublelayer samples' cross sections with simple bending, the so-called "deformation model" section was used. This method is based on deformation diagrams that describe the concrete and reinforcement non-linear operation, and some law of the unit strain distribution over the cross-sectional elements' area: here the plane-sections hypothesis was used. The "stressunit strain" dependence of a curvilinear type, constructed according to the N.I. Karpenko, was used as a diagram of the materials deformation [9] [10] [11] . In contrast to the method of limiting efforts, the "deformation model" allows analyzing the crosssections not only in the limiting, but also in the pre-limiting and over-limiting states. However, the use of the "deformation model" requires a numerical method for solving the nonlinear problem of calculating normal sections.
To solve the nonlinear problem of calculating normal sections, the following method is proposed. The section is divided in height into n-number of small-area finite elements ( Fig. 4) .
At that, from the plane-sections hypothesis it follows:
where εb, εbt, εi, εsirespectively, the relative deformation of compressed, stretched, i-th fiber of concrete and the i-th reinforcing mesh;
Ysithe distance from the gravity center of the reinforcement mesh to the element's effective area;
Yс -the distance from the element's effective area to the neutral axis of the cross section;
h element depth of section; n number of finite elements.
Let us express the the i-th fiber section unit strain through the effective area deformation by the formula 0,1,2..n.
Using the analytical dependence of the secant modulus of concrete deformation on the unit strain f(ε), it is possible to determine the stress i  arising in the i-th final section element and the stress sj  arising in the i-th woven mesh using the formula     1,2..n, i , 2 2 
where Rb -design concrete strength to compression at normal temperature.   . Thus, by setting the relative deformation εbt and substituting the values i = 1,2..n, j = 1,2 ... k in the above formulas, in each final element, the unit strain and stress can be determined, as well as the position of the neutral axis, bending moment and stiffness at any level of the considered section stress state.
A graphic illustration of the method's results and its comparison with experimental data for samples of series 1 and 3 are shown in Fig. 5 . 
IV. CONCLUSION
Thus, natural and numerical methods of research have shown that the vermiculite concrete layer increases the rigidity and crack resistance of reinforced concrete constructions. The proposed numerical method for determining the stress-strain state of a bent double-layer cement-reinforcement elements provides an acceptable match with the experimental studies results.
